Vou. 82, 2008

CD70 EXPRESSION ON HTLV-1-CARRYING T-CELL LINES AND ATL CELLS

3847

TABLE 1—Comtinued

Relative expression level {fold change)

Accession no. Symbol Gene product
S1T MT-2 MSE166
NM_006509 I-REL 299+ 30 65.0 6.5 43.5 5.1 Reticuloendotheliosis viral oncogene homolog B
AK096677 AK096677 292 =38 297 +72 73.3 =364
NM_024758 FLJ23384 277245 23.1 £ 35.6 13.6 = 2.1 Agmatine urechydrolase (agmatinase)
AK021777 FLI00205 258%26 168 = 1.7 19.9 = 2.0 GalNAc transferase 10 isoform b
NM_001953 TP 25225 43243 30859 Endothelial cell growth factor 1 (platelet-derived)
NM_020731 AHH 248 £ 5.3 101 = 1.6 99.4 + 425 Arylhydrocarbon receptor repressor
NM_002413 GST2 24.6 £ 5.6 454 = 4.6 515 %52 Microsomal glutathione S-transferase 2
NM_014383 Rog 243 %24 41.1 = 4.1 125 =38 Testis zinc finger protein
NM_003928 MGC117411 242 =24 618+ 7.1 358 £ 36 CAAX box 1
BX362492 BX362492 231 =40 263+ 28 425 = 11.0
NM_033375 myr2 20.8 229 45482 485 £ 83 Myosin 1C
NM_213589 LPD 206 £2.3 149 =35 248 £ 3.1 Ras association and pleckstrin homology domains
1 isoform 2
NM_004838 HOMER-3 203 £ 20 193.6 = 23.6 84.5 + 15.8  Homer 3, neuronal immediate early gene
A_23_P370707 182+ 7.7 42,1+ 42 30170
AB033060 AHH 17.9 £3.9 122+1.2 1148 =224  Arylhydrocarbon receptor repressor
BC024020 VMP1 17.6 £ 2.6 39.6 = 4.0 22.8 = 6.0 Transmembrane protein 49
NM_023076 FLI23360 17.6 = 3.1 212+ 4.0 205 28 Hypothetical proiein LOC65259
AK097976 DLEU2 17.2+£31 225%53 136 £ 83
INM_003842 DRS 16.7 1.7 329 x40 37.2£3.7 TNF receptor superfamily, member 10b isoform 1
precursor
NM_024646 ZYGlL 16.5 = 1.7 =11 15115 Zyg-11 homolog B
AK092921 HLA-B 163 = 1.6 257 %26 199 = 2.0
NM_022152 RECS1 16216 13.6 £29 147 +£30 Transmembrane BAX inhibitor motif containing 1
AA451906 BIN1 154 =15 182+ 2.0 173217
NM_018370 DRAM 153 £25 809 = 147 41.6 = 10.8  Damage-regulaied autophagy modulator
NM_005514 HLAB 15217 32332 28049 MHCI, B
THC2403644 14.9 = 4.4 175%59 15.0 £ 5.0
NM_000152 LYAG 147 =15 15824 13.0 = 2.1 Acid a-glucosidase preproprotein
ENST00000355804 144 =14 23728 131+ 1.7
NM_001613 ACTSA 144 £ 1.6 353x54 223 %23 a2 aclin
NM_018370 DRAM 143 £ 23 733124 339+ 7.7 Damage-regulated autophagy modulator
A_24 P101771 140 =15 213222 9.3 £33
NM_017789 SEMAI 139 = 1.7 204 =25 339+ 138  Semaphorin 4C
NM_002502 LYTI10 133243 154+ 10 459 + 28 Nuclear {actor of k light pelypeptide gene
enhancer in B cells 2 (p49/p100)
NM_031419 IKBZ 126+ 4.6 37.1 £49 1340 = 625  Nuclear factor of « light polypeptide gene
enhancer in.B cells inhibitor, { isoform b
NM_015516 TSK 125%1.2 127213 122 1.2 Tsukushi
CR3594843 HLA-B 122x12 115+12 101 £19
NM_018950 HLAF 12118 167= L7 13.7 220 MHC |, F precursor
NM_024567 PBHNF 120 = 1.9 153%30 170 £ 2.8 Homeobox containing 1
NM_003764 FHL4 120221 140+ 1.4 11.7 = 44 Syntaxin 11
THC2276547 119+13 168 = 4.7 309 =96
CA431756 CITN 113+ 14 138 =15 128 = 3.1
CR608347 HLA-B 110+ 1.2 165 =14 127+19
NM_005261 KIR 11.0 £ 45 96296 97.3 £ 56.7  GTP-binding mitogen-induced T-cell protein
NM_130446 FLJ00029 11012 116 £35 136 £ 71 Kelch-like 6
NM_017789 SEMAI 109 =11 164+ 1.6 246 = 104  Semaphorin 4C
BC037255 LOC389634 106+ L1 16.8 3.0 213 =64 Hypothetical protein LOC389634
AF009619 CASH 10.6 £ 1.7 164 £33 85.1 =382  CASPS8 and FADD-like apoptosis regulator
NM_006674 P5-1 105=+12 580 =358 914+ 93 HLA complex PS§
NR_001434 HLAHP 102+ 10 157+ 16 185 x24

“ The genes of which expression levels were more than 10-fold in all of the three HTLV-1-carrying T-cell lines (SIT, MT-2, and M8166) compared with the control
T-cell fine (MOLT-4) with statistical significance (P < 0.05) are listed and sorted by the expression level in S1T cells. All data represent means * standard deviations

for three independent microarray experiments.

high upregulation of the CD70 gene was reflected in the ex-
pression of the CD70 molecule on the surfaces of the cell lines.

CD70 expression in HTLV-1-carrying T-cell lines. As shown
in Fig. 3, MOLT-4 celis did not express CD70 on their surfaces,
whereas this molecule was highly expressed on the HTLV-1-
carrying cell T-lines S1T, MT-2, M8166, and MT-4. Like the
case for MOLT-4 cells, CD70 cxpression was scarcely observed

for other HTL.V-1-negative T-cell lines (CEM, Jurkat, and the
monocytic cell lines U937-and HL-60), suggesting that CD70 is
selectively expressed in HTLV-1-carrying T-cell lines. Such
selectivity was also confirmed by the analysis of these cell lines
for the expression of CD124, IL-21R, and CD151 on the sur-
face. The gene expression of not only CD70 but also CD124,

. IL-21R, and CDI151 was highly uprcgulated in all of the
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FIG. 2. Genes upregulated more than 10-fold in the HTLV-1-car-
vying T-cell tines S1T, MT-2, and M8166 compared with the genes in
HTLV-1-negative T-cell line MOLT-4. The genes of which products
are considered to be expressed on the cell surface are shown. All data
represent means = standard deviations (error bars) for three indepen-
dent microarray experiments.

HTLV-1-carrying T-cell lines (Table 1 and Fig. 2). However,
there was no significant difference of CD124 and IL-21R ex-
pression among the nine cell lines (Fig. 4). Like CD70, CD151
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FIG. 4. Expression of CD124, IL-21R, CD7), and CD151 on various celf
lines. The cells were strained with appropriate MAbs described in Materials
and Methods and analyzed by laser flow cytometry. The expression level of
each molecule is expressed as mean fluorescence intensity (MFT).

1000

compared with MOLT-4 cells, yet this molecule was also highly
expressed on CEM, Jurkat, and U937 cells, indicating that
CD151 expression was not selective enough to HTLV-1-carry-
ing T-ccll lines.

CD70 expression in leukemic cells from ATL patients. To

was strongly expressed on the HTLV-1-carrying T-cell lincs determine whether CD70 is a potential target for anti-ATL
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FIG. 3. CD70 expression on various cell lines. The cells were strained with an anti-human CD70 MAb (white histogram) or its isotype control
MADb (gray histogram) and analyzed by laser flow cytometry. The number in cach histogram indicates the mean fluorescence intensity of the cells.
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FIG. 5. CD70 expression on CD4™ T cells isolated from healthy
donors and ATL patients. PBMCs were isolated from {A) an HTLV-
1-negative healthy donor (HD-1 in Table 1) and (B) an acute-type
ATL patient (ATL-1 in Table 1). The cells were examined for their
CD4 and CD70 expression by laser flow cytometry after being gated by
their forward and sidc seattering intensities. The percentage of CD70™
cells among CD4™ cells was calcutated by the [ollowing formula: percent-
age of upper right quadrant/(percentage of upper right quadrant + per-
centage of lower right quadrant),

MAb therapy, the selective expression of CD70 has to be
demonstrated in the primary ATL cells isolated from patients.
When PBMCs were isolated from an HTLV-l-negative
healthy donor and examined for their CD4 and CD70 expres-
sion by laser flow cytometry, a small number (approximately
1.8%) of CD4™ cells, which were regarded as T cells because
of their being gated by forward and side scattering intensities,
were CD70™" (Fig. SA). Under the same conditions, 69.2% of
the CD4™ cells isolated from an acute-type ATL paticnt were
CD70" (Fig. 5B). Therefore, we extended the analysis to
PBMCs obtained from an additional five HTLV-1-negative
healthy donors and five acute-type ATL patients. As shown in
Table 2, the average numbers of CD70™ cells were 3.2 and
79.3% of the total CD4"% T cells obtained from the healthy
donors and ATL patients, respectively, which was statistically
significant (P < 0.00095). In contrast, there was no practical
difference of CD70 expression on B cells and monocyies be-
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tween healthy donors and ATL patients. Although certain dif-
ference of CD70 expression was observed for CD8" T-cells, it
was not statistically significant. Furthermore, difference of
CD70 expression on CD8" T cells, B cells, and monocytes
varied from one patient to another. These results suggest that
CD70 is predominantly expressed on the CD4% T cells, pre-
sumably leukemia cells, from acute-type ATL patients.

Effect of anti-human CD70 MAb on ATL cells. When SIT
and MOLT-4 cells were incubated with a commercially avail-
able anti-human CD70 MAD, the MAbD did not affect the pro-
liferation of these cell lines at a concentration of 1 pg/ml
during a 4-day incubation period (Fig. 6A). The effect of an
anti-human CD70 MAD for the viability of primary ATL cells
was also examined. No significant reduction of cell viability was
observed at concentrations of up to 1 pg/ml for all of the
PBMCs obtained from three different ATL patients (Fig. 6B).

DISCUSSION

Human oligonucleotide microarrays have been used to ex-
amine gene expression patterns of PBMCs infected with
HTLV-1 (11), HTLV-1-transformed T-cell lines (8, 30), Jurkat
cells expressing either pl121 (26) or p301I (23), and the Jurkat
cell line JPX-9 that can be induced to express higher levels of
Tax-1 (27). In addition, activated PBMC cDNA has been used
in subtraction hybridization studies with cDNA from cultured
ATL cells from a patient (33). The complexity of the data from
these studies and differences in chip composition preclude a
full definition of genes that are affected by viral infection.
However, there is a consensus on the expression of some cel-
lular genes. Enhanced expression of cell cycle and antiapop-
totic genes includes the cyclin B1, p2I WAF1/CIP1, and Bcl-
X(L) genes, confirming prior biological/biochemical findings
(1,5, 25, 28). In contrast, caspase-8 appears to be consistently
downregulated. Among the interleukins and their receptors,
the upregulation of TL-2Raq, but not IL-2, is also consistently
detected. In contrast, IL-15Ra appears to be upregulated in
only some HTLV-1-infected T-cell lines and PBMCs. Simi-
larly, IL-15 is not upregulated in all cell lines and IL-15 ex-
pression does not appear to be induced by Tax-1 in Jurkat cells.

There is a criticism that limited or biased information re-
garding the molecules selectively expressed in ATL cells will be
obtained when HTLV-1-carrying T-cell lines, instead of pri-
mary ATL cells, are used for oligonucleotide microarray anal-
ysis (35). This criticism may be appropriate from one aspect,
since such HTLV-1-carrying T-cell lines generally express the
viral transactivator protein Tax that considerably affects viral
and cellular gene expression. In fact, our study demonstrated
that MT-2 and M8166 cells strongly expressed Env-Tax fusion
protein and Tax, respectively (Fig. 1B). Both cell lines were
established by cocultivation of healthy human cord blood T
cells with ATL cells (24). Therefore, it is not surprising that
unlike primary ATL cells, these in vitro-transformed T-cell
lines still retain functional Tax. This may be a reason for the
high correlation coefficient (0.96) in relative expression levels
of the 108 genes between MT-2 and M8166 cells (Table 1). On
the other hand, S1T cells were directly established from pri-
mary ATL cells by cultivation with IL-2 (2). Consequently, S1T
cells did not express env or fax gene as well as Env or Tax

(Fig. 1).
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TABLE 2. CD70 expression in PBMCs isolated from healthy donors and ATL patients®

Expression on indicated marker-positive cells (%)

Donor  WBC (celis/mm®) ] CD4" CDo5*
CD3* (D78 CD4* CD76™ CD4* CD25* . ('ID'!/O‘ - CD§~ CD707 CD19* CD70% CDW™ CD70*

HD-1 2.6 1.8 ND 0.3 0.6 16.5 0
HD-2 2.9 2.7 L5 0.4 4.2 17.9 0.1
HD-3 24 19 3. 0.4 0.2 13.6 0
HD-4 6.3 4.2 7.1 1.2 0.6 20.3 0.5
HD-5 9.4 5.8 7.7 1.3 39 15.8 0.3
HD-6 55 2.8 14.2 1.3 ND 275 0.3
ATL-1 414,000 67.5 69.2 73.6 56.6 ND 145 0
ATL-2 28,300 98.0 98.6 97.5 98.5 91.3 18.3 0
ATL-3 296,000 66.0 84.3 40.6 36.9 0} 0 0
ATL-4 9,100 99.1 98.7 58.7 588 84.6 8.7 0.5
ATL-5 81.6 315 10.4 5.7 74.6 215 339
ATL-6 94.3 93.4 73.1 69.6 24.5 16.7 15

“ PBMCs obtained from healthy donors (HD) and acute-type ATL patients were stained with appropriate MAbs (sec Materials and Methods). After staining, the

cells were analyzed by laser flow cylometry.
» WBC, white blood cell count.

< Mean * standard deviation values for healthy donors were 4.9 2 2.8 for CD3™ CD70% cells, 3.2 £ 1.5 for CD4" CD70" cells, 6.8 = 4.8 for CD4" CD25* cells,
0.8+ 0.5 for CD4" CD25" CD707 cells, 1.9 + 2.0 for CD8* CD70" cells, 18.6 = 4.9 for CD19* CD70" cells, and 0.2 # 0.2 for CD14" CD70" cells. Mean =+ standard
deviation values for ATL patients were 84.5 * 14.9 for CD3 ' CD70" cells (statisticaily significant [P < 0.01] by 1 test), 79.3 = 25.9 for CD4 " CD70" cells (statistically
significant [” < 0.01] by ¢ test), 59.0 = 30.3 for CD4™ CD25™ cells (statistically significant [P < 0.01] by £ test), 54.4 = 31.2 for CD4™ CD25* CD70™ cells (statistically
significant [P << 0,011 by £ test), 55.0 = 40.4 for CD8™ CD707 cells, 13.3 £ 7.8 for CD19" CDT70™ cells, and 6.0 + 13.7 for CD14+ CD70™ cells. ND, not determined.
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FIG. 6. Effect of anti-human CD70 MADb on the growth and viabil-
ity of ATL cells. (A) S1T (diamonds) and MOLT-4 (squarcs) cells
were incubated with an anti-CD70 MAb (filled symbols) or its isotype-
matched control MAb (operi symbols) at a concentration of 1 pg/mi.
After a 4-day incubation, the number of viable cells was determined by
trypan blue exclusion. (B) PBMCs obtained from three different ATL
patients (circles, squares, and diamonds) were incubated with an anti-
CD70 MADb (closed symbols) or its isotype-matched control MAD
(open symbols) at various concentrations. After a 24-h incubation, the
number of viable cells was determined by the MTT method. Error bars
indicate standard deviations.

In this point of view, if HTLV-1-carrying T-cell lines with
totafly different origins could be included for oligonucleotide
microarray analysis, it would become an efficient approach to
determining the molecules selectively expressed in ATL cells,
In the present study, 108 genes were found to be upregulated
more than 10-fold in different HTLV-1-carrying T-cell lines
relative to a control T-cell line (Table 1). Among them, tre-
mendous (more than 1,000-fold) upregulation was observed
for the CD70 gene, of which product should be expressed on
the cell surface (Fig. 2). In fact, the CD70 molecule was
strongly and selectively expressed on various HTLV-1-carrying
T-cell tines and CD4™ T-cells obtained from ATL patients but
not on HTLV-l-negative T-cell lines, monocytic cell lines, or
CD4™ T-cells obtained from HTLV-1-negative healthy donors
(Fig. 4 and 5 and Table 2).

CD70 is the only known ligand for its receptor CD27 that
belongs to the TNF receptor superfamily 7. In general, this
molecule is expressed on strongly activated T and B cells (4)
and some hematological malignancies, such as non-Hodgkin’s
lymphoma (42). In fact, when PBMCs were isolated and stim-
ulated with phytohemagglutinin, approximately 18 and 32% of
the cells became CD70" after 7 and 12 days of cultivation,
respectively {data not shown). However, there has been no
definitive report describing the selective expression of CD70 in
ATL cells. CD70 is also highly expressed on some solid tumors,
including renal cell carcinoma (9, 17) and glioblastoma (6, 43).
In contrast, CD70 expression is highly restricted in normal
tissues (19). Therefore, CD70 has been considered to be an
attractive target of MAbs and MAb-drug conjugates for selec-
tive anticancer therapy. It was recently shown that the admin-
istration of an engineered anti-CD70 MAb significantly pro-
longed the survival of severe combined immunodeficient mice
bearing CD707 -disseminated human non-Hodgkin’s lym-
phoma xenografts (22). In this study, treatment with control
IgG did not prolong median survival (21 days). In contrast,
median survival was increased to 72 days when the mice were
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treated with the anti-CD70 MAD at a dose of 4 mg/kg of body
weight. Furthermore, anti-CD70 antibody-drug conjugates
were effective against tumor growth in mice bearing human
renal cell carcinoma xenografts (6). These results suggest that
irrespective of drug conjugates, anti-CD70 MAbs deserve to be
investigated for their anticancer activities against ATL in vitro
and in vivo,

In addition to CD70, we have also identified 10 genes of
which products should be highly expressed on the HTLV-1-
carrying T-cell lines (Fig. 2). Among these, three molecules,
CD124, IL-21R, and CD151, could be evaluated for their ex-
pressions on various cell lines, since MAbs for these molecules
were commercially available. CD151 was indeed highly ex-
pressed on the HTLV-1-carrying T-cell lines, yet it was also
expressed in other T-cell and monocytic cell lines, except
MOLT-4 (Fig. 4). CD151 is a member of the tetraspanin family
and is a broadly cxpressed molecule. It is also noted for its
strong molecular associations with integrins (44). CD151 was
initially identified as a marker of human acute myeloid leuke-
mia cells, platelets, and vascular endothelial cells (3). The
upregulation of the CD151 gene in HTLV-1-carrying T-cell
lines has already been reported and investigated for its patho-
logical role (13, 14). Our microarray analysis has confirmed
these reports. Since CD151 is broadly expressed by a variety of
cell types (36), it does not seem to be a suitable target for
anticancer therapy with MADs. Further studies are in progress
to identify other molecules selectively expressed on primary
ATL cells obtained from patients.

At present, there is no evidence indicating that commercially
available anti-CD70 MAbs are capable of inhibiting cell pro-
liferation or inducing apoptosis of primary ATL cells obtained
from patients as well as the S1T cells (Fig, 6), [t is possible that
these anti-CD70 MAbs are not optimized to exert their bio-
logical functions and may be required for structural modifica-
tion. However, a company in New Jersey has recently obtained
permission from the U.S. Food and Drug Administration to
use a fully human MAD directed against CD70 in a phase I
clinical trial for treatment of clear cell renal cell carcinoma
{(Medarex). Considering this fact and the poor prognosis and lack
of curative therapy for ATL, CD70 should be further perused as
a potential target in anticancer therapy against ATL.
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To obtain lectins without tedious purification steps, we developed a convenient
method for a one-step purification of lectins using sugar-immobilized gold naneo-
particles (SGNPs). Proteins in crude exiracts from plant materials were precipitated
with 60% ammonium sulphate, and the precipitate was re-dissolved in a small volume
of phosphate buffer. The resultant solution was then mixed with appropriate SGNPs
under an optimized condition. After incubating overnight at 4°C, lectins in the
mixture formed aggregate with SGNPs, which was visually detected and easily
sedimented by centrifugation. The aggregate was dissolved by adding inhibitory
sugars, which were identical to the non-reducing sugar moieties on the SGNPs.
According to SDS-PAGE and MS of thus obtained proteins, it was found that SGNPs
isolated lectins with a high purity. For example, a protein isolated from banana
using Glea-GNP (a-glucose-immobilized gold nano-particle) was identified as banana
lectin by trypsin-digested peptide-MS finger printing method, .

Key words: gold nano particle, lectin, peptide MS fingerprinting, purification, sugar

chain.

Abbreviations: CHCA, wo-cyano-4-hydroxycinnamic acid; Gleo-GNP, alpha-glucose-immobilized gold
nano-particle; GleNAcy-GNP, alpha-N-acetyl-glucosamine-immobilized gold nano-particle; Mano-GNP,

alpha-mannose-immobilized gold nano-particle;
sugar-immobilized gold nano-particles.

Lectins are: carbohydrate-binding proteins, which can
specifically recognize sugar structures (I). Their physio-
logical functions have been argued for a long time, and
were recently’ determined for several lectins. Selectins
mediate the adhesion of leucocytes and the endothelial
cells of blood vessels. Some plant lectins serve as defence
factors against phytopathogenic fungi, insect and ani-
mals by interacting with their glycans (2—4). According to
these examples,; lectin—glycan interactions are recognized
as important in biological processes in both plant and
animal bodies. To understand the functions of lectins at
the molecular level in detail, purification and subsequent
characterization are the most crucial.

To purify lectins from erude extract, several chroma-
tography techniques, such as affinity chromatography,
ion-exchange chromatography: and gel permeation chro-
matography, are generally used. However, such chroma-
tographic purification needs lengthy and tedious steps,
preventing the studies of lectins especially in case of
small amount of target lectins in the starting materials.
To overcome this problem, a simple and effective method
is desired. Use of gold nano-particles having glycans is
one of the most promising for the purpose.

*To whom correspondence should be addressed. Tel: +81-89-
285-8369, Fax: +81-99-285-8369,
E-mail: ysuda@eng kagoshima-u.acjp
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SA, 3,5-dimethyl-4-hydroxycinnamic acid; SGNPs,

Gold' nano-particles having - glycans were rapidly
developed in this decade, and utilized to analyse lectins,
to estimate their affinity strength or to visualize them
with electron microscopy (5-7). Recently, we established
an efficient technique for the immobilization of glycans
on gold nano-particles (8, 9). The produced gold nano-
particles,  designated sugar-immobilized gold nano-
particles (SGNPs), were homogeneous in size and
amount of glycans. Importantly, they are easily sedi-
mented by forming aggregate with lectins, suggesting
that they are promising’ for capturing lectins. In this
study, we established an effective method for purifica-
tion of lectinsg using the SGNPs. As a result; a lectin
with high purity was successfully obtained from plant
extract.

MATERIALS AND METHODS

Materials—All - reagents were used without further
purification. Banana was obtained from a grocery store
and stored at —20°C until use. Sugars were purchased as
follows: maltose; cellobiose and lactose were obtained
from Nacalai tesque (Kyoto, Japan);, GalNAcf1-3Gal and
«1-2 mannobiose from Dextra Lab. (Reading, UK)
melibiose from TCI (Tokyo, “Japan). GleNAcul-6Glc,
GlcNAcB1-6Gle, GalNAcx1-6Gle, Fucul-6Gle, Fucfl-6Gle
were generous . gifts from Dr Wakao (Kagoshima
University).

© 2008 The Japanese Biochemical Society.
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Fig. 1. Synthesis of ligand-conjugate containing «-D-glucoside (Gleu1-4Gle-mono).

Synthesis of Ligand-Conjugate Containing Sugar
Moieties—Ligand-conjugates containing sugar-moieties
were prepared according to the previous report (8, 9). For
preparation of ligand-conjugate containing o-p-glucoside
(abbreviated as Glcal-4Gle-mono), mono-valent linker
compound (10.0mg, 34 pmol) (9) dissolved in 1.0ml of
dimethylacetoamide (DMAc) was mixed: with maltose
(12.2mg, 34 umol, dissolved in 0.8ml of distilled water)
and 0.2ml of acetic acid (Fig. 1), After incubation at 37°C
for 4h, NaCNBH; (21.3 mg, 340 pymol) dissolved in 0.2 ml of
distilled water was added to the solution. After further
incubation at 37°C for 72h, the reaction was lyophilized.
The obtained ligand-conjugate was purified by reverse-
phase chromatography using Chromatorex ODS (Fuji
Silysia Chemical, Aichi, Japan) equilibrated with 45%
methanol at the flow rate of 0.8ml/min. The obtained
ligand conjugate was elucidated by reverse-phase chroma-
tography using Inertsil ODS-3 (GL Science, Tokyo, Japan),
MS (Voyager DE-Pro, Applied Biosystems, CA, USA) and
H NMR (ECA-600, JOEL, Tokyo, Japan).

By a similar protocol described above, the objected
compound was prepared from appropriate materials, i.e.
Glep1-4Gle-mono, Galul-6Gle-mono, Galf1-4Gle-mono,
GleNAca1-6Gle-mono, GleNAcB1-6Gle-mono, GalNAcal-
6Gle-mono, GalNAcB1-3Gal-mono, Fucxl-6Gle-mono,
Fucp1-6Gle-mono and Manal-2Man-mono were prepared
from cellobiose, melibiose, lactose, GlcNAcul-6Glc,
GlcNAcp1-6Gle, GalNAcu1-6Gle, GallNAcB1-3Gal, Fucal-
6Gle, Fucp1-6Gle and o1-2 mannobiose, respectively.

Synthesis of SGNPs—Sugar-immobilized gold nano-
particles (SGNPs) were prepared according to. the pre-
vious report (8). To synthesize o-p-glucoside immobilized
SGNP (Glex-GNP), 5 mM (final concentration) of NaBH,
was added to 1 mM of aqueous solution of NaAaCly with
stirring. Above prepared 100uM of ligand-conjugate
(Glex1-4Glc-mono) was then added to the solution with
stirring. The resulting solution was subsequently dia-
lysed against distilled water and PBST [100mM phos-
phate buffer, pH 7.2, containing 0.9% (w/) NaCl and
0.05% (viv) Tween-20l. By TEM. analysis, diameter of
obtained particles was estimated to be 2-10nm; and
most of them showed around 5nm.

Glcf-GNP, Gala-GNP, Galf-GNP, GlcNAcx-GNP, Gle
NAcB-GNP, GalNAco-GNP; GalNAcB-GNP, Fuca-GNP,
Fucp-GNP and Manu-GNP were prepared from appro-
priate ligand-conjugate, i.e. Glep1-4Gle-mono, Galol-6Gle-
mono, Galp1-4Gle-mono, GleNAca1-6Gle-mono,

GleNAcB1-6Gle-mono, GalNAcy1-6Gle-mono, GalNAcB1-
3Gal-mono, Fucal-6Gle-mono, Fucfl-8Glc-mono and
Mano1-2Man-mono, with similar protocol. The SGNPs
prepared were elucidated by binding experiment using
lectins, e.g. Concanavalin A (Con A) purchased from EY
Laboratories (CA, USA) and RCA120 from Vector
Laboratories (CA, USA). The amount of sugar ligand
attached to the gold nanoparticles was estimated by
elemental analysis. As a result, 50~70 ligand-conjugates
were immobilized on the surface of one gold nano-particle
of 5nm diameter.

Preparation of Plant Extract—Matured banana pulp
{1g) was homogenized in 5 ml of PBS {100 mM phosphate
buffer, pH 7.2, containing 0.9% (w/v) NaCl] containing
10 mM 2-mercaptoethanol. The extract was stirred at 4°C
for 2h, and the homogenate was centrifuged at 8,000
r.p.m. for 30 min. Obtained supernatant was then filtered
with DISMIC® (¢=0.45um, ADVANTEC, CA, USA).
After adding 60% (w/v) ammonium sulphate to the
filtrate, the precipitate was obtained by centrifugation
at 10,000 rp.m. for 10min at 4°C. Thus, obtained
precipitate was dissolved in 2.5ml of PBS containing
10mM 2-mercaptoethanol. This solution was used for the
following purification steps of lectins.

Screening with SGNPs—To evaluate the sugar chain-
binding properties of the extract from banana, a series of
SGNPs, i.e. Glea-GNP, GleB-GNP, Gala-GNP, Galp-GNP,
GleNAcoa-GNP, GlcNAc¢B-GNP, GalNAcy-GNP, GalNAcB-
GNP, Fuco-GNP, Fucp-GNP and. Mano-GNP, was used
for screening. In brief, the above 11 kinds of SGNP
solution (304, adjusted to Absszy=3.0) were mixed with
10ul of sample solutions in round-bottomed microtitre
plate wells, respectively, and incubated overnight at 4°C.
Also, the extent of aggregation was. determined by
measuring the absorbance of supernatant at 530nm.
Activity  was calculated according. to the following
equation:

a
Absg,,

b
S530

Precipitation (%) = 100 — x 100

where Absl,, and Absg,, indicate absorbance at 530 nm

before and after overnight incubation, respectively.
Dissociation of SGNP-Lectin Complex with Free

Sugars—Dissociation effects of free sugars against

SGNP aggregates were examined. Similar to the screen-

ing described above, 30l of Glea-GNP was mixed with

J. Biochent.
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Scheme 1. The procedure for capturing lectins using buffer and distilled water, aggregate was dissolved in inhibitory

SGNPs. Several SGNPs, e.g. Mano-GNP, Gleu-GNP and Galp-
GNP, can be used. After subsequent washing with appropriate

10l of sample solution. After standing at room tem-
perature for 10min, the formed SGNP aggregate was
sedimented by centrifugation at 1,800 r.p.m: for 1min at
room temperature. After removal of supernatant, 100l
of sugar solutions (0.2M glucose, GlcNAc¢, mannose
and galactose dissolved in distilled water) were added
to each well.

Capturing Lectins—Sugar-binding proteins (lectins)
were captured by SGNPs and characterized. The overall
approach was shown in Scheme 1. From data of screen-
ing, 30 pl of Glea-GNP, GleNAca-GNP or Mana-GNP was
added to 10l of banana extract, and thoroughly mixed
by pipetting. After incubation overnight at 4°C, the
formed aggregate was sedimented by centrifugation at
10,500 r.p.m. for 10min, and the supernatant was
removed. After subsequent washing with 50pl each of
PBST and distilled water, the aggregate was dissolved by
adding 10pul of inhibitory monosaccharides, ie. 0.2M
glucose, 0.2M GlcNAc and 0.2 M mannose were used for
Glea-GNP;: GleNAco-GNP and Mana-GNP, respectively.
Thus, captured proteins were analysed by SDS-PAGE
under non-reducing condition: using 15% gel without
forther purification. Also, ‘they were  applied to the
subsequent analyses described below.

Proteolytic Digestion by Trypsin-—After re-dissolving in
inhibitory sugar solutions, 10ul aliquot of sample solu-
tion (corresponding to 2.3 jug protein) was added to the
same volume of 75mM NHHCO;. Proteins in the solu-
tion: were denatured by boiling for 5min, and then 10pl
of trypsin (Sigma-Aldrich, MO, USA) dissolved in dis-
tilled water (5ug/ml) was added: The protein digestion
was performed by incubating the reaction solution at
37°C for 2h. The resulting digest was analysed by
MALDI-TOF/MS without further purification.

MALDI-TOF Mass Spectrometry—The MALDI-TOF
mass spectrometer used was a Voyager-DE-Pro (Applied
Biosystems), o-cyano-4-hydroxycinnamic acid (CHCA) or
3,5-dimethyl-4-hydroxycinnamic acid (SA) as MALDI
matrix was dissolved in the aqueous solution containing
50% acetonitrile and 0.1% trifluoroacetic acid (TFA)
to make 10mg/ml. SGNP-captured proteins and the

Vol. 143, No. 6, 2008

sugar solutions and applied to subsequent analyses.

trypsin-digested peptides were co-crystallized with
CHCA or SA matrix. The MS analyses were performed
with a reflector and positive-ion mode. The spectra were
acquired with 300 shots of a 337nm nitrogen laser
operating at 3Hz. Angiotensin (SIGMA) and Calibration
mixture 2 (PE Biosystems, CA, USA) were used as MS
calibration standards. Protein identification was perfor-
med by searching the National Center for Biotechnology
Information (NCBI} non-redundant database using Mascot
search engine (http:/www.matrixscience.com/search_form
_select.html). The following parameters were used for
database searches with MALDI-TOF peptide mass finger-
printing: monoisotopic mass, +1.2 Da peptide mass toler-
ance, trypsin as digestion enzyme with one. missed
cleavage allowed, no modification of a cysteine residue.

RESULTS AND DISCUSSION

To  purify . lectins from- biological materials, the most
efficient way may be to utilize their affinity for sugar
chains, Since lectins specifically recognize sugar struc-
tures, it is essential to select appropriate sugar chains.
Thus, we first screened the. sugar-binding property of
the extract using a series of SGNPs, i.e. Glew-GNP, Glep-
GNP, Gala-GNP, Galf-GNP; GleNAco-GNP,. GlcNAcp-
GNP, . GalNAca-GNP, -+ GalNAcB-GNP, = Fucs-GNP,
FucB-GNP. and Mano-GNP..The banana extract was
thoroughly mixed with 11 kinds of SGNPs and allowed to
stand at 4°C. When banana. extract includes agglutinin
having affinity for particular SGNPs, lectin-SGNP aggre-
gate may be formed, and it is visually. detected as
precipitate. As a result, three of the SGNPs tested, i.e.
Gleo-GNP, . GleNAcw-GNP  and: Mano-GNP, . obviously
formed precipitate (Fig. 2). In contrast, no- precipitate
was detected for the other SGNPs including Glef-GNP and
GleNAcB-GNP. To know the extent of aggregation, the
absorbance of supernatant at 530nm was measured. As
shown in Fig. 2, 91.2%, 92.4% and 92.8% of Glca-GNP,
GlcNAco-GNP and Mana-GNP, respectively, in the wells
precipitated, while the B-anomers showed no or, if any,
weak affinity for banana extract. These results clearly
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Fig. 2. Screening of sugar-immobilized gold nano-particles
(SGNPs). Ten microlitres of sample solutions were added to 30 pl of
each SGNP in round-bottomed microtitre plate wells. When the
sample solution includes lectin(s) having affinity for particular
SGNP(s), lectin—-SGNP aggregate is formed and observed as a
precipitate. Graphs indicate the extent of aggregation determined

indicated that banana extract included agglutinin having
affinity for a-ghicose, o-GleNAc and g-mannose. The sugar-
binding specificity observed here agrees well with previous
reports describing that lectin in banana pulp shows
affinity for mannose, glucose, GleNAc and their derivatives
(10-13).

To clarify sugar-binding specificity in detail, dissociation
effects of free sugars were examined using Gleo-GNP,
Similar to the case of screening deseribed above, 30 ul of
Gleo-GNP was mixed with 10yl of banana extract. After
standing at room temperature for 10 min, aggregate was
sedimented by centrifugation at 1,800 r.p.m. for 1 min, and
supernatant was. removed. To the wells, 100l of sugar
golutions, i.e. 0.2 M glucose, 0.2 M GleNAc, 0.2 M mannose
or 0.2 M galactose dissolved in distilled water, was added,
respectively. As expected, Glea-GNP-aggregate was re-
dissolved in glucose solution (Fig. 3). In addition, it was
also re-dissolved in GleNAc¢ and mannose solution, but not
at all in galactose solution (Fig. 3). The result indicated
that the banana extract included an agglutinin having
affinity for glucose, mannose and GlcNAc. In other words,
the protein aggregated with Glea-GNP;, GlcNAcx-GNP or
Mana-GNP may be identical.

Using  Glea-GNP, GleNAcy-GNP - or Manu-GNP, the
purification of the agglitinin from banana extract was
performed. As shown in Scheme 1; 10l of banana extract
was added to 30l of each SGNP. The formed aggregates
were sedimented by centrifugation, and supernatant was
transferred to other tubes. Precipitates were subsequently
washed with PBS containing 0.05% Tween-20 (PBST) and
distilled water to remove non-specifically bound proteins
and - salt, and then re-dissolved in inhibitory sugar
solutions. As estimated by quantifying the protein using
a dye-binding assay (14), 2.3, 4.3 and 3.6 ug proteins were
captured from 10pl of extract (corresponding to 4mg
starting plant material) using Glco-GNP, GleNAcy-GNP
and Mano-GNP, respectively. Higher yield relative to
previous report (11) was probably achieved by one-tube
reaction. Upon SDS-PAGE under non-reducing conditions,
every SGNP-captured protein showed a single protein
band at a molecular mass 13.6 kDa (Fig. 4, lanes 4, 6 and 8).
No band was detected at the corresponding mass in

6 7 8 9 10 11

by measuring the absorbance of supernatant at 530 nm. (A) Banana
extract, (B) PBST as negative control. 1: Glea-GNP, 2: Glep-GNP,
3: Galo-GNP, 4: Galp-GNP, 5: GleNAcx-GNP, 6: GleNAcp-GNP,
7: GalNAcu-GNP, 8: GalNAcB-GNP, 9: Fuca-GNP, 10: Fucp-GNP,
11: Mano-GNP.

Fig. 3. Dissociation of SGNP-lectin complex with free
sugars. Lectin-Glea-GNP  aggregate is first formed. After
removal of supernatant, sugar solutions were added to each
well. When lectin-SGNP interaction is inhibited by free sugars
added, lectin will dissociate from the SGNP and the aggregate
disappears. (1) PBS, (2) glucose, (3) GlcNAc, (4) mannose,
(5) galactose.

205

9.5

Fig.. 4. SDS-PAGE . of proteins obtained from banana
stained with CBB. M: Molecular marker, lane 1: crude extract
from plant materials, lane 2: extract after concentration with
60% (w/v) ammonium sulphate, lanes 3 and 4: Gleu-GNP, lanes
5 and 6: GleNAco-GNP, lanies 7 and 8: Many-GNP. Lanes 3, 5
and 7: supernatant after aggregation, lanes 4, 6 and 8:
precipitation after aggregation.
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Fig. 5. MALDI-TOF mass specira of proteins obtained from banana extract using Glea-GNP (A), GleNAca-GNP (B) and

Mana-GNP (C).

supernatant (Fig. 4, lanes 3, 5 and 7). This result indicated
that the protein with molecular mass 13.6kDa in the
extract was completely captured by SGNPs. Also, the
captured proteins are very pure, as far as stained with
CBB.

Exact molecular mass of captured proteins was then
measured By MALDI-TOF MS analysis. Since aggregates
were washed with distilled water and dissclved in sugar
solutions without salts, SGNP-captured proteins were
used for MS analysis without further purification and
desalting steps. For analysis, 1.2, 2.2 and 1.8 g of Glea-
GNP-, GleNAcy-GNP- and Mana-GNP-captured proteins

Vol. 143, No. 6, 2008

(corresponding to 5pl of extract, i.e. 2mg of starting
plant material), respectively, was co-crystallized with SA,
and directly analysed by MALDI-TOF mass spectro-
meter. As a result, intense signals were detected for all
the three samples (Fig. 5), in spite of remaining free
SGNPs. The result indicates that free SGNPs did not
disturb the ionization of proteins in MALDI-TOF/MS,
suggesting that the SGNP was not needed to be removed
from the analytical samples. In- case of Glea-GNP-
captured protein, only one major peak was detected at
m/z value of 14,556 (Fig. 5A). According to the previous
report, mannose/glucose-binding lectin from banana pulp
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All the six peaks submitted to the Mascot search engine for

76%. L denotes m/z value of ligand conjugate.

Table 1. Peptide peaks detected from the tryptic digestion of Glca-GNP-captured proteins.

mlz Protein Start~End Missed cleavage Sequence
1 1870.40 Banana lectin 7-25 0 VGAWGGNGGSAFDMGPAYR
2 2081.37 Banana lectin 31-49 0 IFSGDVVDGVDVTFTYYGK
3 2569.26 Banana lectin 31-53 1 IFSGDVVDGVDVTFTYYGKTETR
4 3896.13 Banana lectin 54-91 0 HYGGSGGTPHEIVLQEGEYLVGMAGEVANYHGAVVLGK
5 2023.45 Banana lectin 100-120 0 AYGPFGNTGGTPFSLPIAAGK
6 783.55 Banana lectin 121-127 0 ISGFFGR

is a dimeric protein composed of 15kDa subunits
estimated by SDS-PAGE (10, 11). In addition, its
molecular weight calculated from sequence (Accession
No: 2BMYA) is 14,554Da (I5). Thus, the captured
protein is supposed to be a banana lectin. Since gene of
banana lectin is a member of a multi-gene family (17),
a weak signal at m/z value of 14,363 might be derived
from them. Another minor signal at m/z value of 28,994
was corresponding to a dimer of banana lectin. Very
similar MS profiles were observed for GleNAcx-GNP and
Mana-GNP (Fig. 5B and C). In both cases, only one major
peak was detected around m/z=14,550. The m/z value of
major peaks observed for GleNAcy-GNP and Mano-GNP
were 14,528 and 14,575, respectively, which are corre-
sponding to the previous report, too (11). According to
the results of MS analysis together with those of SDS—
PAGE, the purity of captured proteins was high encugh
to apply further analysis.

To identify SGNP-captured protein, we carried out
peptide-mass fingerprinting. Judging from the results of
dissociation of SGNP-lectin complex with free sugars,
SDS-PAGE and MS spectrometry described above (Figs
3, 4 and 5), all the proteins captured by Glea-GNP,
GleNAco-GNP and Mana-GNP were supposed to be
identical. Thus, Glea-GNP-captured protein was used
for the. purpose. As described under MATERIALS AND
METHODS section, the captured protein (2.3pg protein)
was digested by trypsin, and the resulting digests were
analysed by the MALDI-TOF/MS (Fig. 6). Detected peaks
at m/z 783.54, 1870.34, 2023.45, 2081.37, 2569.26 and
3896.13 were searched against the Swiss-Prot protein
database for the identification of source proteins. All six
peaks matched the database. The peptide sequences from

the digested protein are listed in Table 1. As expected, all
the peaks are revealed to be derived from banana lectin.
The sequence coverage was 76%. Thus, Gleo-GNP-
captured protein was identified as banana lectin. This
result indicated that the purity of protein captured by
Gleo-GNP was sufficient to identify the source protein.

In conclusion, we established an effective method for a
one-step purification of lectin from extracts using
SGNPs. Compared with conventional methods, several
advantages of SGNPs were found, e.g. small amount of
start materials (in case of banana lectin, <1g), simple
operation (only centrifugation) and direct analysis by
SDS-PAGE and MS spectrometry (without further
purification or concentration steps). Although SGNPs
having simple saccharides were used here, a lectin was
successfully purified with such high purity as to identify
the source protein. Using a similar protocol, we have also
performed easy and quick purification of lectins from
soybean. Since, in general, affinities of lectins for
oligosaccharides are velatively high compared with
those for simple saccharides, utilization of SGNPs
having complex glycans is promising for easy purification
of less abundant carbohydrate-binding proteins.

We thank Y. Fujimoto, Osaka University, for her help in
elemental analysis. This research was supported in part by
a grant from a Ministry of Health, Labor and Welfare
(Y.8), and Japan Science and Technological Agency
(CREST, Y.8.).
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To elucidate the structural requirements for the endotoxic and antagonistic activities of lipid A derivatives, we have
focused on the effects of the acyl moieties and acidic groups at the 1- and 4'-positions in the present study. We have
synthesized new analogues corresponding to Rubrivivax gelatinosus lipid A, which has a characteristic symmetrical dis-
tribution of its acyl groups on its two glucosamine residues with shorter acyl groups (decanoyl groups (Cyo) and lauryl
groups (Cy2)) than Escherichia coli lipid A’s. Carboxymethyl (CM) analogues in which one of the phosphates was re-
placed with a CM group were also synthesized with a different distribution of acyl groups. Biological tests revealed that
the acyl group distribution in the lipid A analogue, strongly affected its bioactivity. The synthetic Ru. gelatinosus type
lipid A showed potent antagonistic activity against LPS, whereas its 1-O-carboxymethyl analogue showed weak endo-
toxic activity. These results demonstrate that when lipid A has shorter (Cyg and Ci3) hexa-acyl groups, its bioactivity s
more easily affected by small structural differences, such as differences in acidic groups or acyl group distribution, and
that they can change bioactivity from endotoxic to agonistic or vice versa at this structural boundary for the bioactivity.

The innate immune system is a phylogenetically ancient
defense mechanism conserved between plants and animals.!=
One of the important roles of innate immunity is the defection
of invading pathogens (bacteria, fungi, viruses, etc.) through in-
nate immune receptors that recognize characteristic structures
that are present in microorganisms, called PAMPs (pathogen-
associated molecular patterns). PAMPs are essential molecules
for pathogens that are not found within the host. In vertebrates,
two diverse families of receptors, i.e., the Toll-like receptor
(TLR) and Nod-like receptor (NLR) families, detect PAMPs
such as the bacterial cell wall peptidoglycan (PGN), lipopoly-
saccharide (LPS) of Gram-negative bacteria, lipoproteins, bac-
terial DNA, viral RNA, etc. to activate the immune system.
Most PAMPs therefore show immunostimulating activity.

LPS is.a cell:surface glycoconjugate of Gram-negative bac-
teria that is also known as endotoxin,®'% and is sensed by a
receptor complex. consisting. of TLR4 and.its adaptor: protein
MD-2. Via this complex, LPS stimulates immunocompetent
cells such as macrophages and monocytes to produce a variety
of mediators, e.g., cytokines, prostaglandins, the platelet acti-
vating factor, oxygen free radicals, and NO. These mediators

activate and modulate the immune system. If too much LPS
is released during a severe Gram-negative bacterial infection,
the overproduction of these mediators can lead to endotoxin-
related symptoms such as high fever, serious inflammation,
hypotension, and, in serious cases, lethal shock.

LPS consists of a glycolipid component termed lipid A that
is covalently bound to a polysaccharide. It was unequivocally
proved that lipid A is the chemical entity responsible for the
biological activity of LPS by the total synthesis of Escherichia
coli lipid A 1 (synthetic 1 is termed 506) (Figure 1) in
1984.131 1ipid A specimens from various bacterial origins
were shown to be closely related structurally and to consist
of: 1) B(1->6) disaccharide of p-glucosamines, 2) phosphono
groups at their reducing ends and the 4-position of their non-
reducing glucosamines, and 3) long-chain acyl groups bound
at 2, 2, 3, and 3! positions.

The recognition of LPS and lipid A by the TLR4/MD-2 re-
ceptor complex has been of major interest in the endotoxin re-
search field.-12 To further our understanding of this issue, we
investigated the precise structural requirements for lipid A bio-
logical activity. It has been previously shown that the acidic

Published on the web July 10, 2008; doi:10.1246/bcsi.81.796
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Figure 1. Structures of lipid A and its analogues with various acyl groups.

functional groups and acyl groups of lipid A are crucial for its
biological activity.!>"!® Additionally, its phosphate groups can
be replaced by other acidic groups (such as carboxylic acid)
without decisively influencing its biological activity.’*?! In
contrast, the structure, number, and chain length of the acyl
groups can dramatically influence its biological activity. The
tetraacyl biosynthetic precursor of lipid A 2 (synthetic 2 is
termed 406) has weaker but clear endotoxic activity in mice,
but quite interestingly it also acts as an antagonist to LPS
and lipid A 1 in human systems.'®!7 Rhodobacter sphaeroides
lipid A 3 (RSLA) also shows species-related antagonistic or
agonistic activities in different mammalian hosts.?> The syn-
thetic compounds E5531 and E5564 (Eritoran) 4 exhibit potent
antagonistic activity in human systems.?*?* RSLA, E5531, and
E5564 each have acyl groups containing unsaturated and 2-
keto acyl groups. E5564 is currently under development as a
possible clinical therapeutic for the treatment of sepsis and
septic shock. The N,N'-diacyl analogue S does not show any
activity, but the triacyl-type analogues 6 and 7, which lack acyl
groups at the 3- and 3’-O-positions, show a weak but definite
ability to inhibit the induction of IL-6 by LPS. Precursor-type
analogues with shorter acyl chains have also been synthe-
sized.?® Analogue 9, which possesses two (R)-3-hydroxytetra-
decanoic acids at the 2- and 2/-N-positions and two (R)-3-hy-
droxydecanoic acids at the 3- and 3/-O-positions, shows defi-

nite but ca. 10-100 times less potent antagonistic activity than
natural-type 2; whereas analogue 8, which possesses four (R)-
3-hydroxydecanoic acids, does not show this activity. On the
other hand, Boons et al. revealed that an E. coli lipid A ana-
logue had shorter lipids (two C14 and four C12 acids) that
were ca. 100 times more active than E. coli lipid A.% They al-
so synthesized heptaacylated Salmonella typhimurium lipid A,
which showed much weaker activity than E. coli lipid A, and
using its short-chain analogue they obtained similar results.
In this study, we focused on the structural requirements for
the endotoxic and antagonistic activities of lipid A derivatives,
and in particular, their effects on the human innate immune sys-
tem. We particularly considered the effects of the acyl and acid-
ic groups, and thus prepared and analyzed various structural an-
alogues, including some with different numbers and distribu-
tions of acyl moieties on the lipid A backbone and some with
a carboxymethyl group instead of a phosphate group.
Rubrivivax gelatinosus-type lipid A 10a and 10b (Figure 2)
has shorter acyl groups than E. coli lipid A 1, and a symmet-
rical (3 + 3) acylation distribution. It was reported that natural
lipid A isolated from Ru. gelatinosus showed endotoxic activ-
ity.’” By contrast, Chromobacterium violaceum lipid A 11 has
acyl groups that are similar to Ru. gelatinosus and shows an-
tagonistic activity.”® The only structural difference between
10 and 11 is the chain lengths of three acyl groups. Since
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we were interested in the structural requirement for the endo-
toxic/antagonistic activity of lipid A with symmetrical (3 + 3)
acylation distribution, Ru. gelatinosus lipid A 10a was synthe-
sized and analyzed in the present study.

Results

The Synthesis and Biological Activity of Ru. gelatinosus
Lipid A. We have established the efficient synthesis of lipid
A and analogues in our previous studies.2%?!-%% In the present
study, Ru. gelatinosus lipid A 10a was synthesized using a
similar strategy (Scheme 1). The hydroxy and phosphate
groups were protected with benzyl-type protective groups,
which were removed by catalytic hydrogenation in the last
step. The P(1—>6) disaccharide structures were constructed
by glycosylation of the glycosyl acceptor 19 with the N-Troc
trichloroacetimidate donor 17 (Troc = 2,2,2-trichloroethoxy-
carbonyl). A Lewis acid catalyzed activation was used for

the glycosylation with the trichloroacetimidate 17.%

The glycosyl donor 17 and the glycosyl acceptor 19 were
synthesized as shown in Scheme 1. The hydroxy group at
the 3-position of 1-O-allyl 4,6-O-benzylidene-2-deoxy-2-
(2,2,2-trichloroethoxycarbonylamino)-t-D-glucopyranoside?
(12) was acylated with (R)-3-(4-trifluoromethylbenzyloxy)-
decanoic acid (20). An unsubstituted benzyl group used for
protecting the hydroxy function on the 3-hydroxyacyl residue
proved to be prone to air-oxidation and gradually transformed
into a corresponding benzoyl group. The p-trifiuoromethylben-
zyl group at this position was resistant to oxidation, but was
readily removable by conventional hydrogenolysis.?!*3
Regioselective reductive opening of the benzylidene of 13
with BF;.0Et, and Et;SiH gave the 6-O-benzyl-4-OH GlcN
derivative 14.34

The free 4-hydroxy group of 14 was treated with
Watanabe’s reagent and 1-H-tetrazole, and then with m-chlo-
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roperbenzoic acid (mCPBA) to furnish the phosphate 15 in
94% yield.3> The 1-O-allyl group of 15 was removed via iso-
merization to a 1-propenyl group and subsequently treated
with iodine.’® The resulting 1-OH sugar 16 was then trans-
formed into the glycosyl trichloroacetimidate 17 by treatment
with CCI3CN and Cs,CO3.%

The glycosyl acceptor 19 was synthesized as follows. The 2-
N-Troc group of 13 was removed using Zn—-Cu and acetic acid
and the resulting 2-amino group was then acylated with (R)-3-
(dodecanoyloxy)decanoic acid (21) to give the 2,3-diacyl
derivative 18. Deprotection of the benzylidene group of 18
under the acidic conditions gave the glycosyl acceptor 19.

Glycosylation of the above glycosyl acceptor 19 with the
glycosyl donor 17 gave the desired B(1—>6) disaccharide 22
in 72% yield (Scheme 2). The 2/-N-Troc group of 22 was
cleaved and the resulting amino group was acylated with (R)-
3-(dodecanoyloxy)decanoic acid (21) to give the fully acylated
compound 23. The allyl group at the 1-position of 23 was
cleaved via isomerization to a vinyl group with an iridium com-
plex to give 24 in 78% yield. After selective phosphorylation at
the anomeric position with tetrabenzyl pyrophosphate, all the
benzyl-type protecting groups in 25 were removed by catalytic
hydrogenolysis to give the desired Ru. gelatinosus lipid A 10a.

The biological activities of 10a were evaluated in compari-
son to the corresponding LPS (E. coli 0111:B4) by measuring
typical endotoxic activity such as Limulus activity and cyto-
kine induction. Cytokine inducing activity was tested in human
peripheral whole-blood cells.*® A mixture of a test sample and
heparinized human peripheral whole-blood collected from an
adult volunteer in RPMI 1640 medium (Flow Laboratories,
Irvine, Scotland) was incubated at 37°C in 5% CO, for 24h.
The levels of cytokines, i.e., interleukin-6 (11.-6) and tumor ne-
crosis factor-o¢ (TNF-v), in supernatants of incubated mixtures
were measured using an enzyme-linked immunosorbent assay
(ELISA). Antagonistic activity was examined and compared to
_ the tetraacyl biosynthetic precursor of lipid A (compound 406)

Table 1. The Limulus Activity of 10a, 26a—26f, and LPS
(E. coli 0111:B4), as Tested Using an Endospecy Test®
(Seikagaku Corporation, Tokyo)

ED50/pgmL~!
Ru. gelatinosus lipid A (10a) 10
CM analogue 26a 5000

26b 10000<
26¢ —

26d 10000<
26e 50
26f 50
LPS (E. coli 0111:B4) 50

2 using an assay that measured the ability of a compound to
inhibit L.PS-induced cytokine production as follows. Samples,
LPS (10 ngmL") (E. coli O111:B4; Sigma Chemicals Co.),
and heparinized human peripheral whole blood were mixed
and incubated, and the levels of IL-6 and TNF-o¢ were mea-
sured (as described above).

The Limulus activity, the hemolymph coagulation activity
on horseshoe crab amoebocyte lysates, was evaluated by
the activation of factor C at various concentrations using an
Endospecy Test® (Seikagaku Cotporation, Tokyo) with E. coli
O111:B4 LPS as a positive standard. As cleatly seen in
Table 1, Ru. gelatinosus lipid A 10a showed potent Limulus
activity that was comparable to E. coli LPS.

Ru. gelatinosus lipid A 10a showed no cytokine inducing
activity, but a potent ability to antagonize LPS endotoxic ac-
tivity that was comparable to 406 (2) (Figure 3). As mentioned
above, natural Ru. gelatinosus lipid A has immunostimulatory
activity. In contrast, Chromobacterium violaceum lipid A 11,
which has acyl groups similar to Ru. gelatinosus, showed an-
tagonistic activity. Both of these lipid A molecules have short-
er acyl groups than E. coli lipid A, and symmetric (3 + 3)
acylation distribution. Therefore, our study indicated that these
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Figure 3. Cytokine inducing activity and inhibitory activity of Ru. gelatinosus lipid A 10a, its CM analogue 26a, and E. coli LPS
0111:B4 in human peripheral whole-blood cells. A: IL-6 inducing activity, B: inhibitory activity against IL-6 induction by E. coli
LPS 0111:B4 (10ngmL~1), C: TNF-¢¢ inducing activity, D: Inhibitory activity against TNF-« induction by E. coli LPS 0111:B4

(10ngmL~1).

types of lipid A should show antagonistic activity. The reason
why natural Ru. gelatinosus lipid A showed immunostimulato-
1y activity will be discussed later.

Synthesis of Ru. gelatinosus Lipid A Analogues by Using
Affinity Separation Method. We were then interested in the
effect of acylation distribution on endotoxic/antagonistic ac-
tivity and planned to synthesize six kinds of Ru. gelatinosus
lipid A analogues 26a~26f having hexaacyl groups (Figure 4),
All of these compounds contained the same acyl groups but
their distributions were different: each compound has two
(R)-3-hydroxydecanoyl groups and two (R)-3-(dodecanoyl-
oxy)decanoyl groups. Analogue 26¢ had the same acylation
pattern as E. coli lipid A 1, so it was expected that biological
tests of 26¢ would give additional information on how chain
length effected bioactivity.

1-0-Carboxymethyl (CM) analogues, which had glycosyl
CM groups instead of the glycosyl phosphate moiety in natural
lipid A, were chosen as targets, since they were easier to syn-
thesize than the natural-type because of the chemical instability
of the glycosyl phosphate. We previously synthesized both the
E. coli-type and the precursor-type analogues CM-506 and
CM-406 in which the phosphoryl group at the 1-position was
replaced with a carboxymethyl (CM) group.”®* The activity
of both CM-506 and CM-406 was indistinguishable from their
corresponding natural-type compounds. The -CM analogues

having acidic groups B-glycosidically linked at the 1-position
also showed potent activity.?! We also synthesized two
analogues that had two CM groups at 1- and 4'-positions,
E. coli-type (Bis-CM-506) and precursor-type (Bis-CM-406),
both of which showed respective activities."®#! The acidic
functional groups are concluded to be essential,*” but their strict
type is not necessary for expression of the biological activity.
Although we had already improved the synthetic procedure
for lipid A in many aspects, it still had many reaction steps and
as a consequence considerable time and laborious work was re-
quired for the completion of the synthesis. In order to facilitate
the synthesis, we developed a new synthetic methodolog
termed Synthesis based on Affinity Separation (SAS). The ba-
sic principle of SAS is as follows. A tag molecule is covalently
attached to a substrate. The reactions are carried out in solu-
tions, and the desired tagged products are rapidly isolated by
solid-phase extraction using a specific affinity interaction be-
tween the tag and a ligand which is immobilized on a polymer
support. So far, we have successfully used two interactions for
SAS. One was an interaction of a crown ether or a podand
ether tag and polymer-supported ammonium jons**** and the
other was the specific molecular recognition between a barbi-
turic acid derivative and its artificial receptor which formed a
tight complex with six hydrogen bonds®** (Figure 5). The
versatility of SAS for glycoconjugate synthesis has already
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Figure 4. Lipid A library possessing six acyl groups.
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Figure 5. Host-guest interaction of a polymer-supported
receptor with a barbituric acid tag.

been demonstrated by our total synthesis of E. coli lipid A
based on the latter interaction.>!-*

Figure 6 shows the basic synthetic route for constructing the
library. A barbituric acid (BA) tag was attached to the 4-posi-
tion of the glycosyl acceptor via a p-acylaminobenzyl" linker
with a glutarylamino spacer. In order to reduce the total num-
ber of reaction steps for the synthesis of the six target com-
pounds, a S(1-+6) disaccharide 4'-phosphate 29 was construct-
ed as a common key synthetic intermediate by the coupling of
two monosaccharides, i.e., a glycosyl trichloroacetimidate 27
as a donor and a glycosyl acceptor 28 having the BA-tag.
All the acyl moieties were then introduced step by step to their
respéctive positions. Acylation of the hydroxy group with the
3-acyloxyfatty acid in the presence of DMAP sometimes
caused B-elimination of the 3-acyloxy function, especially
when the hydroxy group to be acylated was sterically hindered
by a neighboring long chain N-acyl group. Therefore, acylation
of the 3- or 3'-hydroxy group with the 3-acyloxyfatty acid was
carried out prior to 2- and 2/-N-acylation. After introducing the
four acyl groups, simultaneous deprotection and cleavage of
the linker by catalytic hydrogenolysis afforded the desired
CM-analogues 26a-26f. The divergent strategy was also em-

ployed by our previous synthesis and by Boons’ synthesis. >

The glycosyl donor 27, whose 2- and 3-positions are pro-
tected with the allyloxycarbonyl (Alloc) and propargyloxycar-
bonyl (Proc) groups respectively, was synthesized as shown in
Scheme 3. The Proc group was stable to neat TFA, but could
be readily cleaved by treatment with Co,(CO)s and TFA via an
alkyne-Co complex.*® The Proc group could also be cleaved
with Zn—AcOH, Pd’-Et;SiH, or [Ir(cod)(MePh,P);]PF¢ that
was activated with H, (Ir-complex).*® Since the 1-O-allyl
group could not have been isomerized to a 1-propenyl group
by the Ir-complex in the presence of the N-Alloc group, N-
Fmoc glucosamine allyl glycoside 31 was used as a starting
material. The allyl group was isomerized to a 1-propenyl group
by using the Ir-complex before introduction of the Proc group,
since the latter is readily cleaved with the Ir-complex. The
3-0-Proc derivative 32 formed in 94% yield was treated with
1,3,4,6,7,8-hexahydro-2 H-pyrimido{1,2-&]-pyrimidine, poly-
mer-bound, (PTBD) to remove the 2-N-Fmoc group.?’ The re-
action was_slow.with PTBD and 1 day was required for the
complete removal of the Fmoc group, but the solid base was
removed by simple filtration and thus the work-up operation
was quite simple. After the free 2-amino group was again pro-
tected with an Alloc group, reductive opening of the 4,6-0O-
benzylidene ring of 33 was effected by the use of the combi-
nation of Et3SiH and BF;3:Et,O. In a small scale experiment
(0.17 mmol of 33), BF;+Et,O was added at once to a solution
of the 4,6-O-benzylidenated compound 33 and Et;SiH in
CH,Cl; at 0°C to give the desired 6-O-benzylated product
34 in 93% yield. In a large scale (21.6 mmol of 33), even when
BF; .Et; 0 was added dropwisely, 30% of 3-O-Alloc derivative
was formed by an undesired reduction of the Proc group. 4-O-
Phosphination of 34 and a subsequent oxidation gave phos-
phate 35 in 91% yield. After removal of the 1-propenyl group
with aqueous I, treatment with CCI3CN and Cs;CO3 furnish-
ed glycosyl! trichloroacetimidate 27.



